Introduction
Acute graft-versus-host disease (GVHD) remains a major complication of allogeneic bone marrow transplantation (BMT) and results in considerable morbidity and mortality. Major target organs include the gastrointestinal (GI) tract, liver, and skin, all of which represent tissues with extensive environmental interfaces (1) . Acute GVHD is initiated during conditioning when inflammation invoked by chemoradiotherapy serves to enhance antigen-presenting cell (APC) function and the costimulation of T cells in tissue (1) . Recipient alloantigens are thus presented to donor T cells that differentiate along proinflammatory lineages defined by Th1 and Th17 paradigms (2) . Target organ damage is mediated by both inflammatory cytokines generated by T cells and mononuclear cells together with T cell cytotoxic pathways. Danger-associated molecular pattern (DAMP) and pathogen-associated molecular pattern (PAMP) signaling byproducts of cellular damage induced by chemoradiotherapy and microbiome-derived products are critical in driving this system-wide inflammation (2, 3) .
The primacy of the GI tract in controlling the severity of GVHD is well established (4) , and it is increasingly clear that, as the epithelial barrier loses integrity, microbiota-derived PAMPs induce the release of IL-17 and IL-22, among other cytokines, whose primary function is to limit pathogen spread. IL-17 in the GI tract is produced by conventional T cells, γδ T cells, and the recently described mucosal-associated invariant T (MAIT) cells (5) (6) (7) , the latter of which are exquisitely positioned to respond to microbial invasion by nature of their residence within the lamina propria of the small and large intestine (6) (7) (8) (9) . MAIT cells typically express semiinvariant T cell receptor (TCR) repertoires consisting of TRAV1 (Vα19 in mice or Vα7.2 in humans) joined to Jα33 (also Jα12 and Jα20 in humans) and limited TCRβ chain pairing (19 and 13 in mice, 6 and 20 in humans) (10) . These innate-like T cells respond to vitamin B2-and B9-derived metabolites presented by the MHC class I-like molecule MR1 to rapidly secrete effector cytokines (11) (12) (13) (14) (15) . The riboflavin-based precursors are produced by a range of bacteria, Mucosal-associated invariant T (MAIT) cells are a unique innate-like T cell subset that responds to a wide array of bacteria and yeast through recognition of riboflavin metabolites presented by the MHC class I-like molecule MR1. Here, we demonstrate using MR1 tetramers that recipient MAIT cells are present in small but definable numbers in graft-versus-host disease (GVHD) target organs and protect from acute GVHD in the colon following bone marrow transplantation (BMT). Consistent with their preferential juxtaposition to microbial signals in the colon, recipient MAIT cells generate large amounts of IL-17A, promote gastrointestinal tract integrity, and limit the donor alloantigen presentation that in turn drives donor Th1 and Th17 expansion specifically in the colon after BMT. Allogeneic BMT recipients deficient in IL-17A also develop accelerated GVHD, suggesting MAIT cells likely regulate GVHD, at least in part, by the generation of this cytokine. Indeed, analysis of stool microbiota and colon tissue from IL-17A
-/-and MR1 -/-mice identified analogous shifts in microbiome operational taxonomic units (OTU) and mediators of barrier integrity that appear to represent pathways controlled by similar, IL-17A-dependent mechanisms. Thus, MAIT cells act to control barrier function to attenuate pathogenic T cell responses in the colon and, given their very high frequency in humans, likely represent an important population in clinical BMT.
Recipient mucosal-associated invariant T cells control GVHD within the colon (16) . This unique activation pathway provides an additional mechanism of determining nonself from self. Previous work in murine models and humans has shown that MAIT cells possess potent antimicrobial functions, primarily due to the rapid, diverse, and expansive cytokine production by these cells (6, (16) (17) (18) (19) (20) (21) (22) . However, a role for MAIT cells in transplantation outcomes has not been reported to date. We hypothesized that MAIT cells would be intricately involved in regulating GVHD, as they are located at mucosal sites where GVHD manifests. We thus have utilized MAIT celldeficient MR1 -/-mice and MR1 tetramers (7, 8, 11) to characterize the role of MAIT cells in the context of BMT.
Results
MAIT cells are present in GVHD target organs. MAIT cells were traditionally identified in adult humans using the surface markers ing on the disease model used (24) (25) (26) (27) (28) . We investigated the function of MAIT cells in a major MHC-mismatched allogeneic transplant setting. C57BL/6 WT (B6.WT) or MR1-deficient mice on a B6 background (B6.MR1 -/-) were lethally irradiated and transplanted with granulocyte colony stimulating factor-mobilized (G-CSF-mobilized) BALB/c spleen grafts (stem cell transplant [SCT] ). G-CSF-mobilized T cell-depleted (TCD) BALB/c splenocytes were also included as a non-GVHD control, and survival and clinical scores were assessed. B6.WT and B6.MR1 -/-recipients showed a median survival time of 56 days and 19 days, respectively, corresponding to a significant reduction in survival ( Figure  2A ). Clinical scores of B6.MR1
-/-recipients were also significantly higher from day 14 to day 28 after transplant ( Figure 2B ). GVHD lethality was also increased in B6.MR1
-/-relative to B6.WT recipients that received grafts from LP/J donors that were mismatched for minor histocompatibility antigens only (day 70 survival, 33% versus 100%; P = 0.02). These data indicate that recipient MAIT cells function in a regulatory manner in the setting of GVHD. To determine whether donor-derived MAIT cells contributed to regulation of GVHD, B6D2F1 mice were lethally irradiated and transplanted with either B6.WT or B6.MR1
-/-BM and T cells in a major MHC-mismatched model. Notably, naive B6.MR1
-/-animals exhibited no perturbation of the conventional T cell compartment with respect to abundance and subsets (Supplemental -/-mice were transplanted with G-CSF-mobilized BALB/c.WT splenocytes or TCD splenocytes. (A) Serum cytokine analysis was conducted on days 4, 7, and 14 after transplant. Day 4 data from 1-2 experiments. n = 5-10 per group; day 7 data pooled from 2 independent experiments, n = 11-12 per group; day 14 data from 1 experiment. n = 6-7 per group. (B-E) Semiquantitative histopathology of liver (B), lung (C), SI (D), and colon (E) from B6.WT and B6.MR1 -/-recipients at days 13-14 after SCT. Images were captured on a Nikon ECLIPSE Ci microscope fitted with a DS-Fi2 camera. Original magnification, ×4. Data combined from 2 independent experiments, n = 9-12 per group; TCD group, n = 6. (F) Perturbed intestinal barrier integrity as determined by FITC-dextran levels in serum on day 13 after SCT. All data analyzed using the Mann-Whitney U test except histology data, which was analyzed using the unpaired t test with Welch's correction. ients. This also showed no difference in survival between the 2 groups ( Figure 2 , E and F), demonstrating that in these preclinical settings, it is recipient MAIT cells that abrogate GVHD.
Regulatory function of MAIT cells is confined to the GI tract.
We established that recipient-derived MAIT cells appear to play a regulatory role during GVHD. To garner further understanding of the regulatory nature of MAIT cells in vivo, we analyzed serum cytokine levels in B6.WT and B6.MR1-deficient recipient mice after allogeneic SCT over a time course, with the aim of identifying when recipient MAIT cell activity might peak. Levels of serum IL-1β, IL-4, IL-5, IL-6, TNF, IFN-γ, and GM-CSF were similar between B6.WT and B6.MR1 -/-recipients at day 4 after SCT (Figure 3A) . A significant increase in IL-6 and TNF was observed at day 7 after SCT in B6.MR1
-/-mice compared with B6.WT, but was not apparent at day 14 ( Figure 3A ), indicating the regulation provided by MAIT cells may be occurring in the early phase of GVHD. These data also suggested that the effect may be organ specific, as the serum cytokine levels in B6.MR1 -/-animals were unlikely to account for the significant reduction in survival observed.
We thus undertook semiquantitative histopathology of the liver, lung, SI, and colon of B6.WT and B6.MR1
-/-recipients after transplant. These analyses failed to identify any differences in the lung, liver, and SI ( Figure 3 , B-D). In contrast, pathology was significantly increased in the colon of B6.MR1 -/-recipients ( Figure  3E ) and displayed perturbed barrier integrity ( Figure 3F ), suggesting GI tract-associated MAIT cells abrogated the pathology occurring in these tissues, thus improving survival. In order to regulate disease during GVHD, recipient MAIT cells must survive conditioning and the incoming alloreactive donor graft in the early transplant period. To establish whether this was indeed the case, we performed transplants in B6.WT mice and used the MR1 tetramer to identify recipient MAIT cells by flow cytometry. Recipient MAIT cells were identified in the SI and colon on day 3 and day 7 after transplant ( Figure 4 , A and B). Although their abundance was reduced compared with levels seen in naive mice, the relative reduction in recipient MAIT cells after BMT was equivalent to that of recipient γδ T cells ( Figure 4 , A and B), another innate T cell population. Thus, recipient MAIT cells survive early after transplant with kinetics similar to those of other innate-like T cell populations.
Tregs play a key role in maintaining intestinal homeostasis (29) , and their induction by particular microbiota (30, 31) and microbial-derived metabolites has been described (32, 33) . We thus examined Tregs in the colon lamina propria in WT and MR1 -/-mice at day 14 after SCT. This revealed no difference in Treg frequency or number between the 2 groups (Supplemental To determine the effect recipient-derived MAIT cells have on donor T cell expansion after transplant, we conducted transplants using luciferase-expressing donor T cells injected together with (luciferase negative) BM into either B6.WT or B6.MR1-deficient recipients. This enabled us to quantify the level of donor T cell expansion in the presence or absence of MAIT cells in various organs at any given time point. Whole-body imaging at day 7 and day 14 after transplant did not show any difference in the bioluminescent imaging (BLI) signal of B6.WT and B6.MR1
-/-mice (data not shown). We thus conducted organ imaging at the same time points to look for organ-specific effects. The BLI signal originating from spleen, liver, lung, mesenteric LN (mLN), SI, cecum, and colon at day 7 was equivalent between B6.WT and B6.MR1 -/-mice ( Figure 5, A and B) . In contrast, we observed a significant increase in the BLI signal of the cecum and colon in B6.MR1 -/-mice compared with WT at day 14 after transplant ( Figure 5 , A and B). To determine whether the increased BLI in the colon was due to donor T cell migration and expansion and/or survival, we assessed donor T cell proliferation (Ki-67 expression) and apoptosis (active caspase-3 expression) in the colon lamina propria at day 14 after transplant. This revealed an increase in the frequency of proliferating CD4 + T cells in MR1-deficient mice compared with WT without a clear reduction in apoptosis ( Figure 5 , C and D). Differences in CD8 + T cell proliferation and apoptosis were not evident (Supplemental Figure 3, C and D) . These data suggest that recipient MAIT cells constrain the alloreactive-driven expansion of donor T cells specifically in the colon. In support of this, we observed only minor differences in the frequencies or absolute numbers of CD4 + and no changes in CD8 + T cells in the spleen and mLNs of B6.WT and B6.MR1
-/-mice at day 7 or day 13 after transplant (Supplemental Figure 3, A and B) . -/-mice were transplanted and clinical scores and survival monitored. Data pooled from 3 independent experiments. n = 15 mice per group; TCD group, n = 9. Survival data analyzed with a log-rank test. ****P < 0.0001; **P = 0.0016 (cohoused B6.WT versus cohoused B6.MR1 
CD8
neg MAIT cells ( Figure 6C ). These findings are consistent with recent reports using a similar MAIT Tg mouse (9, 14, 19, 25, 34) or polyclonal murine (7, 21) or human MAIT cells (20) and highlight the significant IL-17 response generated by these cells.
Given that our data showed that the regulatory function of MAIT cells was restricted to the colon (Figure 3) , we investigated why this may be the case by examining the activation status and IL-17 expression of MAIT cells from various target tissues in naive animals and Table 3 . 16S rRNA sequencing data analyzed using DESeq2. Figure 9C and Supplemental Table 3 ). These data indicate that, in the absence of host-derived MAIT cells, a dysbiotic microbial community is established, some of which is IL-17A dependent, but this does not contribute directly to GVHD. The increased mortality of B6.MR1 -/-mice may instead be associated with the loss of an important recipient IL-17-producing cell, since this cytokine is clearly protective during the early phase of GVHD.
MAIT cells regulate barrier integrity and restrain alloantigen presentation and effector T cell expansion. As increased mortality was observed in both MR1-deficient and IL-17A-deficient mice after SCT and we showed that MAIT-derived IL-17A expression differed between regions of the GI tract during steady state, we sought to determine the possible mechanisms of MAIT/IL-17-mediated regulatory effects unique to the colon. We undertook RNA-sequencing (RNA-seq) analysis of colon and ileum tissue from naive WT, MR1
-/-, and IL-17A -/-mice. Analysis of the differentially expressed genes in the colon revealed upregulation of 142 genes in MR1 -/-versus WT, with 67 common genes overlapping with upregulated genes seen in IL-17A -/-versus WT ( Figure 10A ) and 216 downregulated genes in MR1 -/-versus WT, with 103 common genes overlapping with downregulated genes observed in IL-17A -/-versus WT ( Figure 10A ). We next filtered out the differentially expressed genes common with ileum and examined the top 50 differentially expressed genes unique to colon. The heatmap shows clusters of differentially expressed genes common to both MR1 -/-and IL-17A -/-tissues compared with WT ( Figure  10B ), with selected genes of known function shown in Table 1 . Strikingly, claudin 4 (Cldn4) and claudin 8 (Cldn8) gene expression was downregulated in both MR1
-/-and IL-17A -/-mice compared with WT ( Figure 10 , B and C, and Table 1 ), suggesting MAIT cells may maintain barrier integrity in the colon by modulating tight-junction proteins via IL-17A, consistent with data shown in Figure 3F . Interestingly, gene expression of Semaphorin 6d and 4b (Sema6d and 4b), important regulators of T cell immune responses (40, 41) , was downregulated in MR1 -/-and IL-17A -/-mice compared with WT ( Figure 10B and Table 1) , as was the expression of nuclear factor, interleukin 3 regulated (Nfil3) (Fighave established that recipient MAIT cells reside in mucosal tissue and regulate GVHD in the colon. Given that the colon is a rich source of microbes and MAIT cells respond to microbial metabolites, we hypothesized that this cell population may respond to, and have an impact on, the gut microbiome. We thus cohoused B6.WT with B6.MR1 -/-mice to equilibrate the intestinal microbiota prior to transplantation and confirmed that (a) MAIT cells do indeed influence the composition of the microbiota and that (b) this composition converges with WT after cohousing for a month (Figure 8, A and B, and Supplemental Tables 1 and 2 ). In contrast, separately housed mice of each strain analyzed in parallel retained their initial GI tract microbiota, confirming the community shift was a consequence of cohousing. We next transplanted cohoused mice and separately housed mice to establish whether the altered microbiota of the cohoused mice affected GVHD. B6.WT mice cohoused with B6.MR1 -/-mice showed survival kinetics equivalent to those of separately housed B6.WT mice ( Figure 8C ) and displayed a fecal microbial community similar to that of B6.MR1 -/-mice after transplant ( Figure 8D ), suggesting that any dysbiotic microbial populations present in B6.MR1
-/-mice do not directly influence GVHD outcome.
Given that recipient MAIT cells produce very high levels of IL-17A and that IL-17A is known to be capable of regulating inflammatory colitis (38), we analyzed the importance of recipientderived IL-17 in GVHD. Indeed, B6.IL-17A -/-mice exhibited hyperacute GVHD, with a mean survival time of 7.5 days versus 34 days for B6.WT mice ( Figure 9A ). We confirmed that MAIT cells were indeed present in tissues from naive IL-17A -/-mice (lung, SI, and colon) and in fact were in greater abundance in the colon compared with WT (Supplemental Figure 7, A and B) , likely a response to the known dysbiosis in these animals (39) .Furthermore, we showed that upon ex vivo expansion (Supplemental Figure 8) -/-and B6.MR1 -/-mice revealed that IL-17A depletion was associated with an additional disparate microbial composition ( Figure 9B ). Despite this, we were able to identify a small number of operational taxonomic Metabolism (glucuronidation pathway)
Data analyzed using edgeR with FDR < 0.05. ing inflammatory diseases that target mucosal surfaces (16, 44) . Previous work has demonstrated both inflammatory and regulatory functions for MAIT cells in various mouse models and human disease (8, 9) ; however, the function of MAIT cells in the context of GVHD has not been studied. Using MAIT-deficient mice and MR1 tetramers to specifically identify endogenous MAIT cells in nongenetically modified mice, we have shown that recipientderived MAIT cells persist in the colon following total body irradiation. Here, lamina propria MAIT cells appear to control GVHD by regulating barrier function and attenuate proinflammatory cytokine production by donor CD4 + T cells. This is associated with shifts in the intestinal microbiota.
MAIT cell activation requires presentation of riboflavin-based precursors captured by the MHC class I-related molecule MR1 (11) (12) (13) (14) (15) . The breakdown of epithelial barrier integrity after BMT, a result of chemoradiotherapy during conditioning and GVHD itself (4) , is likely to increase access of T cells and APCs to bacteria (2) that utilize the riboflavin biosynthesis pathway. Subsequent capture, processing, and presentation of metabolite antigen on MR1 to recipient MAIT cells will lead to cellular activation and effector function. In addition, MAIT cells can also be activated in an antigen-independent manner by IL-12 and IL-18 (45) (46) (47) . The end result of MAIT cell activation is to limit microbial colonization and disease by potential pathogens. In the context of GVHD, it appears that while multiple immune pathways are in effect, MAIT cells play a notable and nonredundant role. The present study demonstrates a link between MAIT cells and the composition of the gut microbiome in the mouse at steady state. In particular, shifts in the abundance of several OTUs from the bacterial family S24-7, recently defined as "Candidatus Homeothermaceae" (48) , are notable in mice lacking MAIT cells. However, while the microbiome profile of B6.MR1 -/-mice can be transferred to B6.WT mice through cohousing, these communities do not appear to influence GVHD. This suggests that the transferrable microbiota, putatively regulated by MAIT cells, likely those with an active riboflavin biosynthesis pathway, are not directly pathogenic in the context of GVHD if MAIT cells are present.
The mucosal location of MAIT cells enables rapid sensing of any breakdown in mucosal surface integrity and subsequent bacterial and/or PAMP molecule translocation, a prominent feature of GVHD. The mechanism by which MAIT cells are able to suppress inflammation may be directly through cytokines, as we and others have demonstrated their ability to generate large amounts of cytokines, particularly IL-17A (6, 7, 14) . The majority of adult MAIT cells exhibit a mature and differentiated phenotype (7), suggesting they are primed for rapid cytokine production following stimulation. Notable expression of IL-17 is related to the expression of high levels of RORγt and low levels of T-bet (6, 7). MAIT cell-derived cytokines, particularly IL-17, induce recruitment of myeloid cells, such as monocytes/macrophages and neutrophils that mediate pathogen clearance, as demonstrated in other disease models (49) (50) (51) .
The GI tract contains numerous sources of IL-17 of both hematopoietic and nonhematopoietic origin. Nonhematopoietic sources of IL-17 in the GI tract include Paneth cells, which have been shown to play a role in inflammation (52), while T cell sources include αβ, γδ, NKT, innate lymphoid, and MAIT cells (5). IL-17 ure 10B and Table 1 ), a transcription factor important in host immune defence against pathogens (42) , and UDP glucuronosyltransferase 1 family, polypeptide A8 (Ugt1a8) ( Figure 10B and Table 1 ), an enzyme important in the glucuronidation pathway of metabolism (43) .
The accelerated mortality in MR1 -/-recipients in the third week after transplant with preferential GVHD in the colon suggested an enhancement in indirect antigen presentation by donor colonderived DCs within the mLN, as we recently described (3). We thus undertook experiments to investigate the ability of recipient MAIT cells to regulate donor DC expansion and alloantigen presentation in the GI tract. In order to achieve this, we used TCR Tg Marilyn mice in which CD4 + T cells recognize the male H-Y antigen in an I-A b -restricted fashion. We transplanted grafts comprising BM from B6.CD11c-GCDL mice (where the luciferase signal is used to track donor CD11c + DC) and B6.Marilyn TCR Tg T cells (to induce GVHD) into lethally irradiated male B6.WT and B6.MR1
-/-recipients ( Figure 11A ). Analysis of bacterial distribution by fluorescence in situ hybridization 14 days after SCT revealed increased bacterial translocation in the GI tract of MRI -/-recipients ( Figure  11B ), an effect also seen in IL-17R -/-recipients (39). Consistent with increased DAMP signaling in these animals, a significant expansion of donor DC (bioluminescence intensity) in the mLN in MR1-deficient mice was also observed (Figure 11C ), confirming that recipient MAIT cells can indeed regulate GI tract integrity and donor DC expansion and/or migration in the GI tract.
To ascertain whether this donor DC expansion in MR1-deficient mice would lead to an increase in T cell priming and effector T cell expansion, we transplanted B6.WT BM with B6.Marilyn TCR Tg T cells into lethally irradiated male B6.WT and B6.MR1 -/-recipients. On day 12 after SCT, we transferred Marilyn Tg luc + T cells (here the luciferase signal reports for donor alloantigen presentation and subsequent antigen-specific T cell expansion; Figure 11D ). Alloantigen-specific (Marilyn Tg luc Collectively, these data demonstrate that recipient MAIT cells have the ability to suppress alloantigen presentation by donor DC and subsequent effector T cell expansion following transplantation, culminating in the attenuation of GVHD.
Discussion
The importance of mucosal immunity and responses to microbiota at environmental interfaces in disease is only now beginning to be appreciated. MAIT cells, whose primary role at steady state appears to be antimicrobial, are likely to be important in modulat- very large subset of CD8 + T cells in humans, it will be important to ascertain whether numerical and/or functional defects in this population correlate with alterations in the intestinal microbiome and GVHD outcomes in patients.
Methods
Mice. Stem cell and BMT. Total body irradiation (1000 cGy, B6 background; 1100 cGy, B6D2F1) was administered on day -1 (137Cs source at 82 cGy/ min), split into 2 doses separated by 3 hours. Lethally irradiated mice were injected intravenously on day 0 with either 10 or 25 × 10 6 whole or TCD splenocytes from donor mice pretreated for 6 days with G-CSF (10 μg/d).
T cell depletion was performed by incubating splenocytes with hybridoma supernatants containing anti-CD4 (RL172), anti-CD8 (TIB211), and Thy1.2 (HO-13-4), followed by incubation with rabbit complement (Cedarlane). Alternatively, lethally irradiated mice were injected intravenously on day 0 with 5 to 10 × 10 6 BM cells and 2 to 5 × 10 6 enriched splenic T cells (80%-90% CD3 + ). TCD grafts containing only 10 × 10 6 TCD BM were transplanted as non-GVHD controls. Assessment of GVHD. The degree of systemic GVHD was assessed using a cumulative scoring system that measures changes in 5 clinical parameters: weight loss, posture (hunching), activity, fur texture, and skin integrity (maximum index, 10). Mice were monitored daily, and those with GVHD clinical scores of 6 or more (74) were sacrificed and the date of death deemed as the next day in accordance with institutional animal ethics guidelines. Organ pathology was determined by blinded assessment of formalin-fixed, paraffin-embedded, H&E-stained sections as described previously (39) .
Flow cytometry. CD4 (clone RM4-5), Vβ6 (clone RR4-7), Ki-67 (clone B.56), active caspase-3 (clone C92-605), and CD25 (clone 7D4) were all purchased from BD Biosciences. CD90.1 (Thy1.1, clone HIS51) was purchased from eBiosciences. CD3 (clone 145-2C11), CD8 (clone 53-6.7), CD45.1 (clone A20), CD45.2 (clone 104), TCRγδ (clone GL3), CD326 (clone G8. has direct effects on maintaining epithelial barrier integrity. In conjunction with IL-22, IL-17A and IL-17F enhance production of antimicrobial peptides (53) . Furthermore, following colitis damage induced by dextran sulfate sodium (DSS), epithelial cells exposed to IL-17 and the growth factor FGF2 undergo proliferation to restore barrier function and prevent inflammatory bacterial accumulation (54) . IL-17 derived from γδ T cells has also been shown to increase expression of occludin, a tight junction protein critical for maintaining homeostasis of epithelial cell permeability (55) . As such, lack of IL-17 leads to increased susceptibility to infection by both bacteria and fungi (56) (57) (58) (59) (60) . Therefore, IL-17 is required to maintain epithelial cell barrier function, and perturbation of IL-17 in this context can lead to enhanced inflammation and GI damage. It is thus likely that the protection from GVHD in the GI tract by MAIT cells reflects their role in maintaining mucosal integrity and that the enhanced donor T cell responses seen in the colon in their absence reflect enhanced PAMP signaling locally within the GI tract. This pathway has recently been shown to be critical in determining the severity of GVHD after BMT (2, 3) . Given that MAIT cells are but one source of IL-17A in the GI tract, it is thus not surprising that their absence results in a phenotype intermediate between IL-17A -/-and WT recipients. Thus, the exacerbation of GVHD in the absence of IL-17A clearly involves multiple additional pathways over and above those mediated by MAIT cells. The pathways of regulation utilized by MAIT cells and IL-17A can only be definitively dissected by the use of cre-based systems that are not yet available, but will enable the specific removal of cytokines from MAIT cells. That said, given the known ability of IL-17A from conventional donor T cells to promote acute GVHD, including within the GI tract (39, 61, 62), we do not envisage that the administration of this cytokine to patients would be safe.
It is important to note that MAIT cells are a rare (<1%) population in relatively clean inbred mice (7) in contrast with humans, where they represent up to 5% of peripheral blood T cells and 45% of hepatic T cells (20) . Thus, the clear propensity to acute GVHD in the GI tract in mice lacking MAIT cells is likely to underestimate their importance in patients undergoing BMT. In fact, recipient MAIT cells have recently been shown to be resistant to myeloablative chemotherapy prior to autologous SCT. Importantly, pretransplant MAIT cell numbers were predictive for reductions in subsequent infection and inflammatory responses (63) , consistent with the findings here after allogeneic SCT. The importance of GI tract integrity and microbiome-derived metabolites in modulating GVHD have been demonstrated as a very early event after BMT (36, 64) . Since the numbers of donor MAIT cells in the bone marrow and splenic T cell-derived grafts in these experiments are very limited, MAIT cell reconstitution primarily reflects bone marrow-derived MAIT cells, which are selected in the thymus of MR1-bearing double-negative thymocytes (65) . This reconstitution is thus slow (beyond 3 to 4 weeks) and develops after GVHD in the GI tract has already occurred. For these reasons, the effect of donor MAIT cells is minimal in these preclinical systems, but we acknowledge this may not necessarily be true in clinical transplantation, where the number of MAIT cells in blood is much higher. Indeed, a recent study has now demonstrated an association between donor MAIT cell numbers and gut microbiota after transplantation (66 Dead Cell Staining Kit (Invitrogen) was utilized to gate viable cells. Cells were acquired on a BD LSRFortessa and analyzed with FlowJo V9 (Treestar). MR1 tetramers were prepared and used as previously described (7, 8, 11, 75) .
purchased from BioLegend. Fixation and permeabilization were undertaken for intracellular staining (BD Fix/Perm Kit; BD Biosciences) and nuclear staining (Fix/Perm Kit; eBiosciences) according to the manufacturer's instructions. The LIVE/DEAD Fixable Aqua Plus Mini Kits per the manufacturer's instructions. RNA libraries were prepared using the NEBnext Ultra RNA Library Prep Kit for Illumina (New England Biolabs), assessed for size, and quantified using the 2100 Bioanalyzer (Agilent Technologies) and Qubit Fluorometer (Thermo Fisher Scientific), respectively. Libraries were sequenced using high-output single-end 75 cycle sequencing kits (version 2) on the Illumina NextSeq 550 platform. Full details are provided in Supplemental Methods. Sequencing data have been uploaded into ArrayExpress, accession number E-MTAB-6547. Statistics. Survival curves were plotted using Kaplan-Meier estimates and compared by log-rank analysis. The parametric unpaired t test or the nonparametric Mann-Whitney U or t tests (2-sided) were used for the statistical analysis of data. P < 0.05 was considered statistically significant. Data are presented as mean ± SEM.
Study approval. All animal procedures were carried out with approval from the QIMR Berghofer Medical Research Institute Animal Ethics Committee.
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